Introduction
All lineages of blood cells are generated from relatively rare hematopoietic stem cells (HSCs), which reside in and are maintained by special microenvironments, known as niches, in bone marrow throughout life. [1] [2] [3] [4] [5] [6] [7] Recent studies confirmed that cells in the classically defined HSC population contribute to steady-state hematopoiesis. 8, 9 Transplantation of HSCs into a host can reconstitute and sustain healthy hematopoiesis 10 and offers curative approach for patients with hematopoietic malignancies. In addition, it has shown promising potential to cure a numbers of non-malignant life threatening blood disorders, including hemoglobinopathies, congenital bone marrow failure syndromes and immunodeficiencies, autoimmune diseases and AIDS. However, it has been assumed that an increase in the numbers of HSCs are limited by the occupancy of their niches by endogenous HSCs and that most transplanted HSCs fail to engraft the bone marrow without myelosuppressive host conditioning, which causes severe toxicity, because niches for HSCs are filled. [11] [12] [13] [14] [15] [16] Previous studies reported that the transplantation of whole bone marrow cells led to higher levels of long-term HSC engraftment, even in the absence of myelosuppressive conditioning. [17] [18] [19] [20] However, upon the transplantation of purified primitive hematopoietic cells or HSCs into unconditioned animals, only a small fraction of HSC niches (~0.1-10%), in which HSC replacement occurred, were available for engraftment. [14] [15] [16] 19 These findings suggest that HSC niches are filled and presumptive non-stem cell facilitator cells, which exist within transplanted bone marrow cells, are required for higher levels of HSC replacement by donor HSCs in the absence of myelosuppressive conditioning.
Consistent with the hypothesis, various rare nonhematopoietic cell populations, including osteoblasts lining the bone surface 21, 22 and periarteriolar cells, including 28, 29 and that most HSCs are not associated with the bone surface and/or arteries. 30 Other studies have shown that macrophages expressing α-smooth muscle actin were located adjacent to HSCs 31 and that ~20% of HSCs were in contact with megakaryocytes and suggest that these rare hematopoietic cells create HSC niches. [32] [33] [34] On the other hand, more abundant populations of nonhematopoietic cells, including sinusoidal endothelial cells [35] [36] [37] [38] [39] and a population of adipo-osteogenic progenitors, called
CXC chemokine ligand (CXCL)12-abundant reticular (CAR) cells, which strongly
overlap with leptin receptor-positive (LepR + ) cells [38] [39] [40] [41] [42] , have been shown to create a niche for HSCs. About 60% of HSCs are in contact with sinusoidal endothelial cells. 35 When stem cell factor (SCF) was conditionally deleted from endothelial cells, the numbers of HSCs were reduced. 35, 38 Additionally, it has been shown that more than 94% We herein demonstrated that upon the transplantation of very large numbers of purified HSCs into normal mice not exposed to irradiation or other myeloablation, many donor HSCs engrafted into empty niches distant from niches, in which endogenous host HSCs reside, and subsequently proliferated and generate hematopoietic progenitors. Our results prompt the re-evaluation of a long debate on HSC niche saturation, indicating that the rarity of HSCs is not a consequence of space limitations and suggest that we do not have to consider the availability of HSC niches to achieve efficient HSC engraftment in clinical bone-marrow transplantation.
For
Methods

Mice
Col1A1-H2B-GFP; Rosa26-M2-rtTA (TetOP-H2B-GFP), 43 wild-type or TetOP-H2B-GFP mice. For H2B-GFP expression, TetO-H2B-GFP mice received doxycycline (Sigma-Aldrich D9891, 2 mg/ml supplemented with 1% sucrose in drinking water) for 6 weeks as described previously. 43 Mice were housed in a specific pathogen-free facility, and all animal experiments were performed in accordance with approved protocols for the Institutional Animal Care and Use Committees at Kyoto University and Osaka University.
Flow cytometry
Bone marrow cells were obtained by flushing femurs and tibias. 
Isolation of HSCs
Results
Transplanted HSCs engraft into non-myeloablated bone marrow without the replacement of endogenous HSCs
In order to more clearly quantify the absolute numbers of transplanted HSCs in unconditioned recipient bone marrow, we transplanted larger numbers of purified HSCs into unconditioned mice not exposed to myeloablation compared with previous studies. [14] [15] [16] 
Transplanted and endogenous HSCs show similar increases in expansion
We next assessed the proliferation of HSCs that homed to empty HSC niches. Figure 2 ). We found that donor and endogenous phenotypic HSCs Figure 3C and data not shown).
For Figure 4A ). However, H2B-GFP + c-kit + cells were slightly less likely than random spots to localize close to arteries ( Figure 3J ; supplemental Figure 4B ). This is consistent with the previous study by Acar et al 30 mice compared with control mice (data not shown). Two days after transplantation, the absolute number of donor-derived phenotypic HSCs in the bone marrow of Lepr-Cre;SCF f/f recipients was similar to that in control recipients (data not shown).
Sixteen weeks after the transplantation of 1.6 x 10 8 purified Lin -cells into control or Lepr-Cre;SCF f/f mice, whereas the number of endogenous phenotypic HSCs was similar, the total number of phenotypic HSCs in bone marrow was approximately 2-fold higher than that in untransplanted animals ( Figure 4 ). The numbers of donor-derived 
Endogenous myeloid progenitors are replaced by donor progenitors upon the transplantation of HSCs into non-myeloablated mice
The total number of HSCs in the bone marrow was markedly increased by the transplantation of purified HSCs into unconditioned congenic mice; however, bone marrow cellularity remained unchanged from that in untransplanted animals ( Figure   5A ). These results prompted us to examine the absolute number of downstream Figures 1F and 5B) , the total number of GMPs, including donor and endogenous GMPs, was similar to that in untransplanted animals ( Figure 5B ). These results indicate that in contrast to abundant 
Discussion
Although it has been assumed that HSC niches are occupied by host endogenous HSCs, our results showed that upon the transplantation of purified HSCs into non-myeloablated mice, many transplanted HSCs engrafted into recipient bone marrow and the numbers of donor HSCs were larger than those of endogenous HSCs. The previous findings obtained using a similar method to that of the present study revealed that the number of donor HSCs residing in the bone marrow was ~10-fold smaller than that of endogenous HSCs. [14] [15] [16] 19 This discrepancy may be explained by the fact that the absolute numbers of rare transplanted HSCs are difficult to measure in unconditioned recipient bone marrow transplanted with smaller numbers of purified HSCs. In addition, previous studies may potentially encounter procedural issues, such as differences in the timeline of sorting, or damage to purified HSCs from donor mice for transplantation.
Furthermore, the result that myelosuppressive conditioning is required to achieve high levels of HSC engraftment 11, 13, 15 has been explained, in part, by when extracellular immunological markers, including CD45, are used for transplantation studies, small immunological differences between the donor and host may necessitate myelosuppressive conditioning to prevent rejection. We have shown that ~26% of transplanted HSCs engrafted into unconditioned recipient bone marrow ( Figure 1C ) whereas ~32% engrafted into irradiated bone marrow, 30 suggesting that seeding efficiencies of intravenously transplanted HSCs are similar or slightly increased by irradiation.
In contrast to HSC engraftment, host GMPs were replaced by donor GMPs, which were generated from the transplanted HSCs, and overall GMP numbers remained unchanged upon the transplantation of purified HSCs into non-myeloablated mice.
These results suggest that GMP numbers are limited by the number of their saturable For
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